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Orbifold Unification for the Gauge and Higgs Fields and Their Couplings 
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We present an orbifold GUT model in which the Higgs trilinear couplings are unified with the three 
Standard Model gauge couplings. The model is constructed as an A*' = 2 supersymmetric SU{8) 
gauge theory in six dimensions, which is reduced to a supersymmetric Standard Model with three 
singlets and extra 17(1) factors upon compactification. Such an unification is in good agreement with 
experiments. The predicted upper limit for the lightest CP-even neutral Ifiggs boson is somewhat 
larger than in the MSSM, and can be tested in the upcoming Large Hadron Collider. 
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Introduction - The Minimal Supersymmetric Standard 
Model (MSSM) is the most natural extension of the Stan- 
dard Model (SM). It elegantly solves the gauge hierar- 
chy problem, contains neutralino as the cold dark matter 
candidate, and naturally accommodates the gauge cou- 
pling unification P, Q ■ Depending on the supersymme- 
try breaking mechanism, it also has distinct predictions 
for the sparticles' (supersymmetric partners of the SM 
particles) spectra which can be tested at the upcoming 
colliders such as the Large Hadron Collider (LHC) and 
the future International Linear Collider (ILC). Despite 
all these successes, there are several unanswered ques- 
tions within the MSSM. Why the bilinear supersymmet- 
ric Higgs mass /i (in the superpotential) involving the up 
and down Higgs superfields, fiHuH^, is at the TeV scale 
but not at the Planck scale? This is known as the /i 
problem. Also the predicted upper bound for the mass 
of the lightest CP-even neutral Higgs boson /i° is around 
130 GeV |3|1, which is not much higher than the current 
experimental lower limit, 114 GeV. Moreover, the pre- 
diction for the proton decay rate through dimension-5 
operators is uncomfortably close to the current experi- 
mental bounds. 

These problems in the MSSM have prompted many 
to consider the possible extensions to the Next to the 
Minimal Supersymmetric Standard Model (NMSSM) _4j 
by the addition of one or more Higgs singlets to the 
usual two doublets present in the MSSM. Such exten- 
sions can be used to solve the /z problem, and extend 
the upper mass limit for the Higgs mass. Additionally, 
in an orbifold GUT model (such as the one being pro- 
posed here), the doublet-triplet splitting problem is nat- 
urally solved, thus avoiding the possible problem with the 
proton decay rate With the addition of one singlet 
Higgs field, we can have the additional trilinear inter- 
action terms XSHuHd and kS^/3 in the superpotential. 
After minimization of the scalar Higgs potential, S can 
obtain a vacuum expectation value (VEV) around the 
supersymmetry-breaking scale (Msusy), and generate 
an effective /i term with /i = X{S). Thus, the /i problem 



is solved. However, such NMSSM lacks definite predic- 
tions because the Higgs couplings A and n are completely 
arbitrary. Is there a theoretical framework in which the 
values of A and k get determined? 

In this work, we present a supersymmetric Standard 
Model with three SM singlets and following superpoten- 
tial 



W = XHuHdS - KSS1S2 



(1) 



where the Yukawa couplings A and k get determined in 
terms of the gauge couplings, and thus making this model 
predictive and testable by experiment. The idea is sim- 
ple, and very attractive, and has lead to the unification of 
gauge and Yukawa couplings ^ . We use the framework 
of extra dimensions with supersymmetry. The two Higgs 
doublets, as well as the singlets are all part of the gauge 
multiplet in higher dimensions, and the non- minimal in- 
teractions involving the A and k are just part of the gauge 
interactions in higher dimensions. We present the real- 
ization of this idea below. 

Formalism, and the Model - We consider a theory with 
a gauge symmetry G in six dimensions (6D) with N = 2 
supersymmetry. (The two extra dimensions will be com- 
pactified on a suitable orbifold such that the gauge sym- 
metry is broken down to the SM with possibly some ex- 
tra U{1) factors, and the supersymmetry is broken down 
to iV = 1). The N — 2 supersymmetry in 6D corre- 
sponds to = 4 supersymmetry in 4D, and thus only 
the gauge multiplet can be introduced in the bulk. In 
terms of 4D iV = 1 language, the six dimensional gauge 
multiplet contains a vector multiplet, V, and three chiral 
multiplets Si, £2, and £3 in the adjoint representation 
of the gauge group G. The bulk action , written in 4D 

= 1 language and in the Wess-Zumino gauge, contains 
the following trilinear term of the chiral multiplets 



S = j d^'x j d20_LTr(-V2Ei[E2,£3]) +H.C., 



(2) 



where k is the normalization factor for the group genera- 
tors. If the SM singlet Higgs field, and the up- and down- 



2 



type Higgs doublets are contained in the zero modes of 
the chiral multiplets Ei, E2, and S3, the gauge interac- 
tion term, Eq. (j^J , includes the trilinear Higgs interaction 
term XSH^Hj^ with the coupling A determined in terms 
of the gauge coupling g. In this construction, the singlet 
Higgs field, the two Higgs doublets, and the gauge fields 
are all unified in a single multiplet of the gauge symmetry 
group G in higher dimensions. In the NMSSM, we also 
need a cubic term, kS^/3 for the singlet field S to develop 
a VEV. We can see from Eq. (1) that we need three SM 
singlet Higgs fields to be present in the zero modes of Si, 
E2, and E3 leading to a trilinear term kSSiS2- 

We now address what bulk gauge symmetry we need 
to unify both A and k with the gauge couplings. To 
obtain both the Higgs doublets and the singlets as zero 
modes in 4D from the extra dimensional components of 
the higher dimensional gauge multiplet, and also to break 
the supersymmetry to A'^ = 1, the minimal bulk gauge 
symmetry needed is SU{4:)w In this case, SU{4:)w is 
broken down to SU{2)l x U{1)y x [/(I)' upon compacti- 
fication, and the adjoint 15-dimensional representation 
will have two doublets, Hu and Hd, and a singlet S 
as the zero modes. In this case, we can obtain only 
the trilinear interaction XSHuHd from the bulk gauge 
interaction with A = 32, where (72 is the weak gauge 
coupling. The minimal gauge symmetry in the bulk to 
include both the A and k terms from the zero mode 
bulk interaction is SU{5)w- The SU{5)w gauge sym- 
metry in the bulk, upon compactification to 4D, is bro- 
ken down to SU{2)l X U{1)y x C/(1)' x U{1)". The 
SU{5)w adjoint representation, 24, decomposed under 
the SU{2)l X U{1)y x C/(1)' x C/(1)" contains the two 
Higgs doublets, iJ„ and Hd, as well as three singlets S, 
Si and 52 as zero modes. The bulk gauge interaction 
contains the XSHuHd, as well as KSS1S2 terms, giving 
rise to A = K = (72 at the compactification scale. With 
SU{3)c X SU{5)w as the gauge symmetry in the bulk, 
we can include color interaction, but this does not unify 
the three SM gauge couplings. Thus we are naturally 
lead to an SU{8) gauge symmetry in the bulk to unify 
all three SM gauge couplings with A and k. 

The model we propose for the gauge and Higgs trilin- 
ear coupling unification is in six dimensions with N — 2 
supersymmetry, and SU{8) gauge symmetry. The two 
extra dimensions X5 and Xe are compactified on a T"^ /Zq 
orbifold, which is obtained from torus by moduloing 
the Zq equivalent class: z ~ wz, where z is the complex 
coordinate of the extra dimensions and w = e*^/^. The 
transformation property for the vector multiplet, V is 



ijjz, uj-^z) = RV{x'', 



z, z 



(3) 



where i? is an 8 x 8 matrix and — I. The transfor- 
mation rules for the three chiral multiplets Ei, E2, and 
E3 are obtained by multiplying the right hand side of 
the Eq. (O by the additional factors uj~^, uj~^~"^, and 



TABLE I: The zero modes of the chiral multiplets Ei, E2 and 
E3, and their quantum numbers under the 5*17(3)0 x 5*17(2) l x 
i7(l)y X U{l)a X U{l)f3 X U{l)-y gauge symmetry. The anti- 
symmetric subscripts Qij {Qij = —Qji) are the charges under 
the U{1)y X U{l)a X t/(l)/3 X U{1)-, gauge symmetry: Q12 = 
(-5/6,0,0,0), gi3 = (-1/3,8/15,-1/2,-1/2), Q14 = 
(-1/3,8/15,1/2,-1/2), Q15 = (-1/3,8/15,0,1), Q23 = 
(1/2, 8/15, -1/2, -1/2), Q24 = (1/2, 8/15, 1/2, -1/2), Q25 = 
(1/2,8/15,0,1), Q34 = (0,0,1,0), Q35 = (0,0,1/2,3/2), 
Q45 = (0,0,-1/2,3/2). 



Zero Modes for Ei (in the i-th Row) 


Qx- (3, 2)p^2; Hi: {1,2)q^.^; S: (1, 1)^45 Ds: 


(3,1) 


Qbl 


D,: (3,1)^,3; 52:(1,1)q3,; Dx: {3,1)^,,; H,: 


(1,2 


Q52 


Hu- (1,2)q24; 5i:(l,l)Qg3; 5(: (1,1)^35; H'^: 


(1,2 


Q42 



,,2+m 



respectively, where m is an integer. These trans- 
formations keep the bulk action invariant and non-trivial 
R breaks the bulk gauge symmetry G at the 4D fixed 
point . We choose the matrix R to be 



R = diag(+l,+l,+l,cj" 



') • (4) 



Then, for unequal values of the integers ni, n2, and ri4, 
upon compactification to 4D, the SU (8) gauge symmetry 
breaks to SU{i)c x SU{2)l x U{\)y x t/(l)a x U{l)p x 
U{1)^, and the = 4 supersymmetry in 4D is broken 
down to = 1 by an appropriate choice of m. For the 
choice of m = 1, and rii = 5, 712 = 4, 77.3 = 2 and 714 = 1, 
the zero modes of the 63-dimensional vector multiplet 
are the gauge bosons (and gauginos) corresponding to 
the unbroken gauge symmetry, while the zero modes of 
the three 63-dimensional chiral multiplets Ei, E2 and S3, 
and their quantum numbers are given in Table D These 
zero modes include the Higgs bosons of above model in 
the compactified 4D theory. From the bulk action in 
Eq. , we obtain the non- minimal Higgs interactions for 
the zero modes of the kinetic- normalized chiral multiplets 



S = j (fx j (fe ge{SHuHd~ SSiS2-QxDxHu 
+S2HiH'^ - S[HiHd + S[DsDs 



H.C. 



(5) 



where is the 6D gauge coupling whose mass dimension 
is -1. 

The extra U{1) gauge symmetries, U{l)a x U{l)i3 x 
U{1)^ can be broken at the compactification scale via 
Higgs mechanism, and thus the exotic quarks Qx, Dx, 
Ds, Ds, and the exotic doublets i?,^ and H'j^ can acquire 
superheavy masses at this scale after these extra U{1) 
gauge symmetries are broken. This can be achieved on 
the 3-brane at the Zq fixed point, for example, 2 = 0, by 
introducing two exotic quarks Qx and D'^ with quan- 
tum numbers (3, 2)(5/g_o .^ q, and (3, l)(_i/3_8/i5^_i_i) 
respectively under the SU{3)c x SU{2)l x U{1)y x 
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^(l)^ X U{l)i3 X U{l)j gauge symmetry. We also intro- 
duce a SM singlet Higgs field S2 which has the same quan- 
tum number as that of S2 and is localized on the 3-brane 
at z = 0. After 52 gets a VEV, the exotic quarks and 
Higgs doublets can obtain the vector-like masses through 
the following brane-localized superpotential, 

W = S2KH'a + S^DsDx + S2QxQ'x + S2D'sDs . (6) 

Similarly, S'l can be made superheavy. Furthermore, the 
extra U{V) symmetries can have gauge anomalies in 4D 
since some of vector-like pairs of the zero modes are pro- 
jected out by orbifolding. Thus, we need to add brane- 
localized fields which has extra U{1) charges to cancel the 
gauge anomalies, and this can be an origin of the extra 
fields such as ^2 and breaking of extra U{1) symmetries. 

After the U{\)a x C/(l)/3 x U{1)^ gauge symmetry is 
broken, we have the relevant superpotential 



S = 



(fa 



(fe .96 [SHuHd - SS1S2) + H.C. 



(7) 



Integrating out the two extra dimensions, we obtain, at 
the GUT scale. 



53 



92 



.91 



A 



1^ = aGNy 1 



(8) 



where V is the volume of extra dimensions, and g^, 52 
and gi = \/5/SgY are the 4D gauge couplings for the 
SM gauge symmetry SU{3)c, SU{2)l and U{1)y, re- 
spectively. The true unification scale of the couplings is 
the cutoff scale (M*) in the orbifold models, but for sim- 
plicity, we here assume that the compactification scale 
is the GUT scale (- 2 x lO^^ GeV) so that the Higgs 
trilinear couplings A and k can be predicted. We also ne- 
glect the brane-localized gauge kinetic terms which are 
assumed to be suppressed by -s/T^M* compared to the 
bulk kinetic term. 

In our model, we introduce three families of the SA^I 
fermions on the 3-brane at the fixed point z = 0. 
Moreover, we emphasize that the hypercharge interaction 
in the SM can be one linear combination of the and 
U{1)y in above SU{8) model, and then the hypercharge 
normalization may not be determined in this model as in 
the usual orbifold GUT models when all the SM fermions 
are brane-localized fields. However, if we identify Ds as 
a right-handed down-type quark field in the presented 
choice of Zq charge assignment, the hypercharge normal- 
ization in the SM can be the same as usual SU{5) nor- 
malization. 

These additional zero modes such as exotic quarks, ex- 
tra doublets and singlets can also be eliminated from the 
zero modes of the compactified 4D spectrum by consid- 
ering a 7-dimensional theory with A'^ = 1 supersymme- 
try and SU{8) bulk gauge symmetry, and compactifying 
the three extra dimensions on a T'^/Z^ x /Z2 orbifold. 
Due to the orbifold projections, the bulk SU{8) gauge 
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FIG. 1: For tan/? = 5, the unification of the SM gauge 
couplings (Qi,a2,a3) and Higgs trilinear couplings {ct\ and 



symmetry is broken directly down to the SM-like gauge 
symmetry, and there are only one pair of Higgs doublets 
and three SM singlets in the Higgs sector arising from the 
zero modes of bulk vector multiplet. In this case, how- 
ever, the hypercharge normalization is not determined 
completely. When we consider larger gauge group, the 
quark and lepton fields can also be unified with the bulk 
gauge multiplet and then the hypercharge normalization 
will be fixed naturally 0. 

The superpotential in Eq. 10 contains five SM neu- 
tral complex scalar fields and (in the general case) three 
phase symmetries in the scalar potential. One of these 
is the U{1) gauge symmetry related to the Z boson, 
implying two unwanted global symmetries. These will 
generally be spontaneously broken, implying two mass- 
less Goldstone bosons. One of these has large and 
H!^ components and is clearly excluded by the known 
experiment. The second consists mainly of the 5', S'l 
and 52 fields, and is most likely also excluded, although 
a detailed investigation is beyond the scope of this pa- 
per. Let us give one possible solution to this problem. 
To break the J7(l)/3 x U{l)j gauge symmetry at GUT 
scale by Higgs mechanism, we introduce the SM sin- 
glet vector-like fields (A^i,iVi), (iV2,7V2) and (Ns^N^). 
And the quantum numbers for A^i, N2 and N3 under 
the U{1)y X U{l)a X U{l)f3 x U{1)^ gauge symmetry 
are (0, 0, 7/2, -21/2), (0, 0, -9, 0) and (0, 0, 4, 12), respec- 
tively. So, we can have the following non-renormalizable 
terms in the superpotential 



W = hi 



M5 



S^N2 
■ MJ 



(9) 



where hi, /i2, ^3 are Yukawa coupling constants. After 
A^i, N2 and N3 get VEVs, we obtain the effective super- 
potential at low scale 



W = h'l 



c7 q9 c8 

' '-' 1 I,' '-'1 1 ''2 



■MS 



■M5 ' 



(10) 
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where h[ = hi{Ni)/M„. As shown in Ref. these non- 
renormalizable terms in the above superpotential do not 
generate the dangerous quadratically divergent tadpoles 
for the SM singlet fields S and Si [ij. Also, we do not 
have global symmetries in our model, so, there are no 
massless Goldstone bosons and there is no domain wall 
problem after the Higgs doublets and SM singlets obtain 
VEVs. 

Phenomenology - We now briefly discuss the phe- 
nomcnological implication of our model, in particular, 
the implication of the effective superpotential given by 
Eq. and the unification of Higgs trilinear couplings 
with the SM gauge couphngs, Eq. JHJ. The unifica- 
tion prediction can be tested by using the appropriate 
renormalization group equations (RGEs) for these cou- 
plings. For numerical calculations, we consider two-loop 
RGE runnings for the SM gauge couplings and top quark 
Yukawa coupling yt, and one- loop RGE runnings for the 
Higgs trilinear couplings (A and k) with conver- 

sion from MS scheme to dimensional reduction {DR) 
scheme. We also include the standard supersymmetric 
threshold corrections at low energy by choosing a single 
scale MsuSY = Mz where Mz is the Z-boson mass [l^j . 
The relevant RGEs are 



dt 

"dt 

dat 
dt 



da2 

da I 
IT 



^(a« -I- Aax + 3at - -^ai - 3a2) 
Itt 5 

ZTT 

dat 



(11) 
(12) 



dt 



MSSM 



~ (a\ - (Bat + 3q:a + (13) 



da2 



dt 
da I 



^(-2aA), 



dt 



MSSM 



MSSM 



87r2 
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(14) 
(15) 



where t is the log of renormalization scale, ai = gf I (47r), 
"A = AV(47r), a„ = K^/(47r), at = 2/t/(47r), and the 
bracket [] denotes the corresponding two- loop RGEs in 
the MSSM. We use the values of SM gauge couplings at 
Mz in Ref. Q and the top quark mass to be 178 GeV. 

Our results for the unification of the gauge and Higgs 
trilinear couplings using the RGEs, Eqs. H11I15|I . are 
shown in Fig. ^ for tan/3 = 5 where tan/3 = {H'^)/{Hd)- 
Also the predictions for the couplings A and k at the weak 
scale, Mz, for various values of tan/3 are shown in Fig. El 

Since the values of A and n are predicted in our model, 
we can calculate the upper bound on the mass of the 
lightest CP-even neutral Higgs boson by using the full 
one-loop and the leading logarithmic two-loop corrections 
. In Fig. we plot the upper bounds for the h'^ mass 
in the MSSM, the NMSSM and our model versus tan/3. 
Note that for a large range of tan /3, the mass bound in 
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FIG. 2: The Higgs trilinear couplings A and k at the weak 
scale versus tan 
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versus tan /?: the blue dash-dot line, green dash line, and red 
solid line corresponds to the MSSM, the NMSSM, and our 
model, respectively. 



our model is larger than in the MSSM, but less than in 
the NMSSM in which the values of A and k are arbitrary. 
For this calculation we use the approximation that the 
mass of CP-odd Higgs {MjC) is order of the square root 
of the arithmetic average of the stop squared-mass eigen- 
values (M) . The validity of our prediction can be tested 
in the upcoming LHC. 

Conclusions ~ We have presented a supersymmetric 
Standard Model in which the Higgs trilinear couplings A 
and K are unified with the three SM gauge couplings at 
the unification scale. This is an orbifold GUT model in 
6D with N = 2 supersymmetry. The symmetry is bro- 
ken down to the SM gauge symmetry in four dimensions 
via orbifold compactification as well as via Higgs mech- 
anism. The unification prediction is in good agreement 
with experiments. The predicted upper bound for the 
lightest CP-even Higgs mass is somewhat larger than in 
the MSSM, and can be tested at the LHC. The detail 
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model buildings which also include the possible unifica- 
tion of the third-family Yukawa couplings, and their phe- 
nomenological consequences will be presented elsewhere. 
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